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Currently, there is an increasing trend to connect large MW wind farms to the transmission system. Therefore the power system becomes more vulnerable and dependent on the wind energy production. At the same time requirements that focus on the influence of the farms on the grid stability and power quality, as well as on the control capabilities of wind farms have already been established. As a result the future wind farms must develop power plant characteristics.
The main trends of modern wind turbines/farms are clearly the variable speed operation and a grid connection through a power electronic interface, especially using doubly-fed induction generators. Using power electronics the control capabilities of these wind turbines/farms are extended and thus the grid requirements are fulfilled.
However, the traditional squrrel-cage induction generators based wind turbines directly connected to the grid does not have such control capabilities. They produce maximum possible power in continuous operation and are becoming disconnected in the case of a grid fault. Moreover, these wind turbines/farms cannot regulate their production according with the system operator demands and cannot contribute to the voltage and frequency control. A DC transmission system for connecting the active stall wind farms to the grid can be a solution to these problems. This paper presents a dynamic model of a DC connection system as well as its control for connecting active stall wind farms to the power system at the distribution level. The developed model comprises a detailed model of an active stall controlled wind farm, a DC transmission system, a small CHP, some loads and the main grid as shown in Fig. 1 .
The DC-connection model is based on the ABB HVDC Light technology and its parameters are closed to the public specifications of the Danish prototype system from Tjaereborg. In order to control the voltage and frequency on the wind farm bus-bar without a Fig. 1 . Structure of the power system implemented in DIgSILENT with a wind farm, a VSC based DC connection and a small local grid parallel AC connection a control strategy for the sending end station (wind farm side) is proposed and implemented. Using this control strategy the control capabilities of the wind farm can further be extended.
Simulation results with a fixed frequency on the wind farm busbar show a good response in continuous operation when different events occurs in the system as can be observed in Fig. 2 and Fig. 3 respectively.
For example the variations of the voltages on the bus bars during different events are below 0.5%, which is less than the standard requirements e.g. less than 4% for the 10-20 kV grids.
The developed model will be used for studying variable speed operation for the active stall wind farm and the possibilities of voltage and frequency support for the grid during faults. 
Introduction
More wind power is expected to enter into the grid. Modern wind turbines currently replace a large number of small wind turbines and there is a significant attention to offshore wind parks/farms, mainly because of higher average wind speed and no space limitations. Large wind farms like Horns Rev (160 MW) or Nysted (170 MW) in Denmark are a reality now and more large wind farms are in construction or in the planning stage all over Europe. In the same time more attention is paid for decentralized power generation especially using Combined Heat and Power (CHP) plants.
On the other hand requirements that focus on the influence of the wind farms on grid stability and power quality, and on the control capabilities of them have already been established (2) (3) . Since the wind power and local CHP plants will replace primary power units the regulating function must therefore be provided by these units both at the distribution level and at the transmission level (1) and (3) and the future wind farms must develop real power plant characteristics (4) . However, the wind farm/park solution has advantages and * Aalborg University (6) . The turbines will have a larger rotor diameter and larger rated power. Less turbulence permits a more effective energy conversion. A lower wind shear will result in a short construction for the wind turbine tower. Though, the farm/park will be difficult to access during periods with high winds, erection and maintenance will be more expensive. For offshore wind farms/parks, which are located far offshore, the wind power cannot be transmitted using an AC link mainly because of the high value of the capacitance for a submarine cable.
A DC transmission system to the shore can be a solution to this problem. Moreover, a DC transmission system has special regulating properties for both the wind farm and in the onshore connection point e.g. decoupled control for active and reactive power, continuous AC voltage regulation, variable frequency control, black-start capability, etc.
Several topologies for such a DC transmission system for connecting wind farms/parks have been proposed in the last years (5)- (7) . These topologies are based on voltage source converters (VSC) and addresses to all wind turbine concepts, which are currently in use namely (8) (8) , while the interest for fixed speed wind turbines (Concept A) has decreased slightly. However, the market interest for this concept may increase if it is proved that using a DC transmission system the wind farm/park can develop power plant characteristics as the turbine itself is cost-efficient and very reliable.
In the case of an active stall (fixed speed) wind farm basically three topologies for a DC transmission system are of interest (5) - (7) , as shown in Fig. 1 . The park-coupled topology shown in Fig. 1(a) is suitable to connect existing or new wind farms up to a certain power level. This power level depends basically on the DC system topology. In this case the entire park will run at the same speed/frequency.
Since the average value of the wind speed inside the wind park varies considerably a cluster-coupled topology as shown in Fig. 1(b) can improve the total energy capture. In this case the wind park is divided into clusters, which will operate at different speeds/frequencies. Each cluster is connected to the grid by its own DC transmission system. This topology may be a solution for large wind farms.
Finally, a common DC-bus can be used for several clusters as shown in Fig. 1(c) . A single DC cable is used to connect the wind farm/park to grid via a single converter unit. This unit should be dimensioned for the rated power of the wind park. Another topology, which uses a supplementary DC/DC conversion stage, is proposed in (5) . However, technological constraints exist in this case -a high-power DC transformer does not exist yet (5) . In all cases the main idea is to operate the wind farm at variable speed using the DC transmission system. Some benefits like better energy capture, reduced mechanical stress, reduced mechanical noise, etc. can be obtained.
The park-coupled technology shown in Fig. 1 (a) is a reality (the Tjaereborg Prototype System −8 MVA and the Gotland System −50 MVA) (9) , while the other two topologies are only in the virtual prototyping stage or in small-scale laboratory systems.
Currently few references about the utilization of a DC transmission system for wind farm connection to grid exist.
The Tjaereborg transmission system is described in (9)- (11) where experimental and simulation results are shown. The work presented in this paper is a part of a research project where the overall objective is to design and analyze grid support control strategies for different wind farm concepts: active stall wind farms with AC grid connection, wind farms with doubly fed induction generators (12) and active stall wind farms with DC connection (13) . In order to analyze and optimize the operation of these wind farm concepts models and control strategies are necessary. Therefore, the main goal has been to build a dynamic model of DC transmission system, which connects an active stall wind farm to a local grid. Some passive variable loads and a small CHP form the local grid. The CHP is not able to control voltage and frequency. A connection with the main grid is also available.
Using the developed model different operation modes e.g. a fixed or variable speed/frequency operation of the wind farm (14) , the voltage and frequency control of the local grid, fault situations, island operation mode, etc. can be studied. This paper will first present an overview of the developed system in the power system simulation tool Power FactoryDIgSILENT. Each component from the developed system namely the active stall wind turbine, the small CHP plant and the DC-transmission system is presented in detail as well as the control methods for them. Next, some simulation results for continuous operation when several events occur in the system are studied. Finally, the conclusions as well as some topics for the future work are given.
System Overview
The structure of the considered system implemented in the power system simulation tool Power Factory-DIgSILENT is presented in Fig. 2 . The simulation scheme comprises an active stall controlled wind farm, a DC transmission system, a small CHP, some loads and the main grid. The wind farm consists of three active stall controlled wind turbines, each turbine being equipped with a 2 MW squirrelcage induction generator.
The small CHP unit has a self-regulated brushless synchronous generator controlled to meet the heat demands and not to produce electrical power to the utility distribution system.
The operation of such a small CHP unit requires a connection with an infinite bus bar; therefore the principal method of controlling it is based on active power and reactive power/power factor. The DC transmission system is based on the Voltage Source Converter technology. There are two stations, on the wind farm side (Station-A) and on the local grid side (Station-B) respectively connected through a 10 km DC cable (±9 kV).
The rated power of the transmission system is 8 MVA. Most of the components from the implemented system are close to the public specifications from the Tjaereborg System. However, the parameters for some components have been selected based on calculations using the rated values from the original system.
A connection with the main grid, which is relatively stiff, is also present.
Active Stall Wind Turbine Model
The dynamic model of the active stall controlled wind turbine is developed as in (15) and (16) . The block diagram of this model is presented in Fig. 3 .
The generator of an active stall wind turbine is a squirrel cage induction generator directly connected to the grid. Since the reactive power consumption of the induction generator fluctuates as the wind speed varies a variable capacitor bank is used.
Usually, the capacitors are switched with mechanical contactors one by one. Each switching causes transients because the voltages on the grid and capacitors are not equal when the contactors are closed. These transients reduce the lifetime of (17) . Using a DC-connection the capacitor bank can be reduced at a fixed value, which corresponds to the no-load reactive power in this case. Thus, the transients phenomena associated with the switching of the capacitor bank can be eliminated.
A soft-starter is used only during the start-up sequence of the generator to limit the in-rush currents and hence the high starting torque.
The main drawbacks of this concept are: the wind turbine has to operate at approximately fixed speed (1-2% speed variation), it requires a stiff power grid to enable stable operation and implies a more expensive mechanical construction in order to be capable to absorb high mechanical stress (18) . However, the squirrel cage generator is robust to faults compared with the concepts C and D.
Moreover, this concept is attractive for off-shore applications where issues as maintenance and reliability are very important.
Using a DC-transmission system some of the drawbacks of this wind turbine can be eliminated e.g. the wind farm can operate in weak grids, better energy capture at low speed.
The active stall controller shown in Fig. 4 assures a proper operation of the wind turbine in three modes namely: power optimization, power limitation and transition.
In the power optimization mode the values for the pitch angle corresponding to an optimal power coefficient Cp are "read" from a look-up table for wind speed values up to the rated wind speed of the wind turbine.
In order to limit the output power of the wind turbine the blades must be pitched with a negative angle when the generated power exceeds the rated power. This is the power limitation mode. The transition mode is obtained using an extrapolation of the optimal pitch angle (15) and (16) for values of the wind speeds greater than the rated wind speed.
A combination of a Sample & Hold and threshold avoids unnecessary blade pitching. In normal operation the changes in the pitch set point are "checked" with a slow sampling rate e.g. 60 sec, whilst in the case of over-wind speed or overpower the output of the controller is verified with a fast sampling rate e.g. 5 sec. Moreover, the actual pitch value is not changed if the difference between the value delivered by the active stall controller and the previous one is smaller than 0.5 degrees.
Small Combined Heat and Power Plant
In order to obtain the characteristics of a local grid a dynamic model of a small CHP unit is implemented in the power system simulation tool Power Factory-DIgSILENT.
Various technologies are used in CHP plants (19) e.g. back pressure steam turbines, pass-out condensing steam turbines, gas turbine with waste heat recovery, etc. The CHP units are typically controlled, or dispatched, to meet the heat demands and not to export electrical power to the utility distribution system (19) . The heat output is generally controlled as a function of ambient temperature. Alternatively, a CHP unit can be controlled to meet the electrical load demand or may be run to supply both heat and electricity in an optimal manner (19) . However, the last mode of operation requires a more complex control system. Currently, the Danish small CHP plants are mainly controlled to meet the heat demand. Usually, the small CHP units are equipped with a self-regulated brushless synchronous generator (alternator). The rated power is in 2-10 MVA range with voltages in the 3-13.8 kV range. Power generating sets are generally manufactured to meet specific requirements (20) and (21) . These small units require a connection with an infinite bus bar, therefore the principal method of control is based on active power and reactive power/power factor as shown in Fig. 5 .
A voltage measurement is supplied to the Automatic Voltage Regulator (AVR) and a speed/frequency measurement to the governor. However, in this mode of control these signals are not used. The error between the active power set point and the measured ones fed to the governor. This governor controls the gas supply to the turbine. Similarly, the excitation of the generator is controlled based on reactive power or power factor. The error signal between the set point and the actual value is passed to the AVR and exciter. The exciter controls the field current and thus the reactive power output (power factor) of the generator. Using this control method the operational points of the CHP are as shown in Fig. 6 .
Usually, the CHP operates at unity power factor during the night while during the day it works at 0.8 power factor, while the active power is related with the heat demand.
It is clear that such a control scheme does not take into account the grid conditions. The active power is set to a value that does not take into account the frequency of the system whereas the reactive power set point (or power factor) does not consider the grid voltage. Moreover the operation at nonunity power factor increases the electrical losses in the generator, while changing the active power delivered to the grid according with the grid frequency will affects the prime mover if the unit operates as a CHP.
The implemented model in Power Factory-DIgSILENT has the above mentioned control characteristics. The control variables are the active power and the power factor. However, additional signals namely frequency and voltage are available. Thus, this model can be extended so that the possibilities of dispatching the unit can be explored in the future. An AvK generator type DIDB 160 h/4 with 5.4 MVA rated apparent power is used in this small plant (20) and (21) . The prime mover model is based on a GEC Alsthom gas turbine Type GT8C2 (22) . The excitation system is IEEE Type AC5A, which is a simplified model for brushless excitation systems (23) .
DC Connection Model
This model is based on the ABB HVDC Light technology (9) , which uses 6-pulse bipolar Voltage Source Converters (VSC) with IGBT's.
This concept has a four-quadrant operation in the P-Q plane and decoupled control for active and reactive power. This means that each converter can operate as rectifier or inverter at variable frequency and to absorb or deliver reactive power to the AC grids.
There are two stations, on the wind farm side (Station-A) and on the local grid side (Station-B) respectively as shown in Fig. 7 .
A 10 km DC cable (±9 kV) connects these two stations. The rated power of the transmission system is 8 MVA.
Each station has a phase reactor connected in series and an AC filter to eliminate the harmonics due to the switching frequency. This filter is tuned for multiple of the switching frequency of the PWM converter, which is 1950 Hz in this case. Since only RMS simulations are performed just one AC filter for the fundamental switching frequency has been considered. The per unit reactance of the phase reactor is 0.14 while for the AC filter it is 0.15. An 8 MVA three-phase transformer YN/D11 connect each station to the bus bar. The DC-link capacitor for each converter is 2 mF.
The main target for the sending end station (Station A) was to implement a control scheme, which must have available the voltage and frequency set points for the Wind Farm Controller. Since each wind turbine can have different values for the wind speed in a given moment and therefore different operation points, a droop control for voltage has been adopted as shown in Fig. 8 .
Each wind turbine will deliver active power and will absorb reactive power according with the wind speed variations. Therefore the voltage stability is dependent on the demand for reactive power. The voltage control loop should insure that the reactive currents, which circulate inside the wind farm, are not too large. A small error in the voltage reference may generate very large reactive currents.
A droop characteristic for the voltage controller minimizes the stationary error in this case. Since the induction generator will always draw reactive power from the PWM converter, the reference for voltage should be increased when the generator demand for reactive power increases. Thus the reference value for voltage is calculated using:
where: k v is the voltage droop coefficient. An inner current control loop will assure a relatively fast tracking of the actual current.
Usually in grid-connected applications the PWM converter from the grid side must control the DC-link voltage and the reactive power. Therefore for the receiving end station of the considered DC transmission system a droop control scheme of the DC-link voltage is implemented as shown in Fig. 9 .
The entire control scheme is build in a dq control system, therefore a Phase-Locked-Loop is used to calculate the angle for the transformations between the different coordinate systems. The actual power from the DC-link is calculated based on the measured voltage and power. Another measurement block in the connection point delivers the signals for reactive power calculation.
The DC-link voltage set point is calculated using the actual active power from the DC-link and the droop characteristic. A 5% drop in DC-link voltage at rated power is allowed. The error signal between set point and the measured value feed the PI controller. One of the advantages of using the PI controller is the error restoration in droop control. The DC-link The output from the DC-link voltage controller is the reference for current in the d-axis. The error between the reactive power set point and the actual value is applied to a PI controller, which gives the reference for the q-axis current.
The control scheme comprises also an inner current control loop for both axis and a feed-forward compensation of the voltage references (modulation index in d and q axis). The feed-forward compensation requires the exact value of the total reactance connected between the PWM converter and the connection point in the grid. This reactance is the sum of the phase reactor and transformer reactances. Since the PWM converter can be seen as a controlled voltage source the equivalent diagram of the receiving end station is as shown in Fig. 10 .
As the station operates around 50 Hz grid frequency all the time the influence of the capacitors can be neglected.
Therefore, the equivalent diagram of the station can be reduced as shown in Fig. 11 .
The voltage equations can be written as:
Assuming that the voltage system is symmetrical and balanced the zero component can be neglected in the stationary reference frame. Therefore (2) can be written as:
Further in synchronous reference frame assuming that ω grid = ct, its derivate can be neglected dω grid dt = 0. In these conditions (3) can be written in matrix form as:
It can be observed that there is a cross coupling between axes with the term ω grid L. A change of the current e.g. in daxis results in a change of the q-axis current. Therefore, this cross coupling should be compensated in the control scheme.
The reactive power set point is given so that the reactive power on the connection point is kept to zero. However, the System Operator can impose other values for this set-point.
Simulation Results
Simulation results for continuous operation, when the frequency of the wind farm is fixed at 50 Hz are shown in this section. There are several events in the system as:
Event A -The average wind speed is increased from 11 m/sec to 16 m/sec in the time interval 60-120 sec so that the wind turbines will pass through all three operating modes of the active stall controller; Event B -A step in the load demand from 2.5 to 5 MW occurs at time 50 sec.
Event C -The CHP operates at 0.7 p.u. turbine power and a power factor of 0.8. The power set point of the turbine is increased to 1 p.u. at time 300 sec.
For a better clarity of the results some variables have been plotted as per unit quantities. The base voltage is the rated voltage of the bus-bars, e.g. 10 kV in this analysis. The base for the DC-voltage is the rated value of it. Since the rated power of the elements from this system is different, the active and reactive power is shown in MW and MVAR respectively.
The wind speed time series and the pitch angle for Wind Turbine 1 are shown in Fig. 12 .
As the wind speed is higher than the rated wind speed of the turbine (11.8 m/sec in this case) and the produced power is greater than the rated power the active stall controller take actions.
Therefore, for high wind speeds the output power is limited. The active and reactive power for each wind turbine measured in the connection point in the station A is shown in Fig. 13 . These values include the losses in transformers and cables.
The power flow in the connection point to the main grid is shown in Fig. 14 . From simulations it can be observed that the wind farm and the CHP are producing more power than the load demand and this excess power is delivered to the main grid.
The voltage and frequency profile for each station are shown in Fig. 15 .
The variations of the voltages on the bus bars are below 0.5%, which is less than the standard requirements. For example according with (1) these variations should be less than 4% for the 10-20 kV grids. The DC voltage measured in Station B is shown in Fig. 16 . The voltage variations in this case are less than ±1.5% while the controller permits a voltage drop of 5%.
Finally, the output of the small Combined Heat and Power Plant in terms of produced power and power factor is shown in Fig. 17 . For a better understanding of the operation modes From the above simulation results it can be concluded that the DC connection work properly, it is able to transfer the available power from the wind farm and to keep the reactive power of the receiving end station at the desired values. At the same time the power converter from the wind farm side supplies the reactive power demand of the wind farm. Also, the standard requirements regarding the fast changes of the voltage in the connection point are fulfilled. In order to check other standard requirements regarding the connection of the wind farms to the grid more analysis are necessary.
Conclusions
A dynamic model of a DC connection for active stall wind farms to the grid is implemented in the power system simulation tool Power Factory-DIgSILENT. This model is developed to analyze and to assess the control capabilities of the active stall wind farms. The simulation results show the behaviour of the implemented system in continuous operation of the wind farm with a fixed voltage and frequency on the wind farm side. Moreover, some events in the grid as steps in loads, changing of the operation point of the CHP are considered. Based on these simulation results it can be concluded that the system works properly and also some grid code requirements are met in terms of the voltage variations on the Point of Common Coupling.
The developed model presented in this paper was further used for an evaluation of the variable voltage/frequency operation of the wind farm as it is described in (14) . Further work is necessary to implement the wind farm controller as well as to study the island operation and analyze fault situations of the entire system. 
